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Abstract This paper presents an economical solution to improve the seismic response of simply supported
precast concrete girder bridges under transverse excitation. This solution employs an energy dissipation
system, which consists of conventional elastomeric bearings that transfer gravity load to the substructure,
and energy dissipating shear keys that replace conventional shear keys on bent caps and abutments. The
proposed shear key, which is a yielding steel damper, transfers a good portion of the seismic load to the
substructure, while dissipating the seismic energy through inelastic deformation. An experimental study
on four full scale specimens is conducted to evaluate the behavior of the proposed shear keys under cyclic
loading condition. The specimenswith good ductility and energy dissipation capacity are identified. These
specimens were able to sustain large inelastic deformation without any strength degradation under cyclic
loading. The nonlinear time history response of a three span precast concrete girder bridge, with and
without the proposed shear key, is also studied. The results of analyses indicate that seismic demands on
the substructure are greatly reduced when conventional shear keys are replaced by the proposed shear
keys.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Bridge superstructures with precast concrete girders sup-
ported on conventional elastomeric bearings are widely used
for short and medium span bridges. Concrete shear keys are
commonly used at the abutments and interior bents of such
bridges to provide transverse support for the bridge superstruc-
ture. The shear keys, which are usually placed between lon-
gitudinal girders of the superstructure, transfer the transverse
seismic load to the substructure. Conventional concrete shear
keys usually have high rigidity and lowductility, and hence they
transfer a large lateral load to the substructure with little en-
ergy dissipation. To improve the seismic performance of such
bridges, a ductile steel shear key, with a high energy dissipat-
ing capacity, is proposed as an alternative to the concrete shear
key. Such shear keys serve as structural fuses to protect the
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Open access under CC BY-NC-ND license.bridge substructure under transverse seismic loads. The struc-
tural damage would concentrate within the proposed shear
keys, which could easily be replacedwith no interruption to the
traffic. This is consistent with the design philosophy of mod-
ern bridge design codes [1–3] that allow inelastic response and
structural damage at locations within the bridge that can be re-
paired without closure.
The retrofit of a seismically deficient bridge could also be
easily achieved by conversion of the existing concrete shear
keys to ductile steel shear keys. This scheme is particularly
desirable, as it requires minimum retrofit to the bridge
structure and no interruption to the traffic on the bridge.
Figure 1 shows the application of such shear keys for the seismic
retrofit of existing bridges. As shown in this figure, the steel
shear keys would be placed between the girders and anchored
to bent caps and abutments, while the concrete shear keys are
disengaged by removal of their outside edges.
The proposed shear key is actually a steel hysteretic damper
that dissipates seismic energy by flexural yielding of the steel
material. The idea of utilizing a steel hysteretic damper within
a structure to dissipate seismic energy began in the early 1970’s
[4,5], since which time, a wide variety of hysteretic dampers
that dissipate energy by flexural, shear or extensional plastic
deformation of steel materials has been studied [6–20]. One
such device, which uses X-shaped steel plates, is the Bechtel
Added Damping and Stiffness (ADAS) device. This device is
designed to dissipate energy through the flexural yielding
deformation of X-shaped steel plates configured in parallel
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between top and bottom boundary connections. The behavior
of ADAS devices and their application in various structures
has been extensively studied [12–20]. Some particularly
desirable features of ADAS devices are their stable hysteretic
behavior, low-cycle fatigue property, long term reliability and
relative insensitivity to environmental conditions. Their main
shortcoming is that the hysteretic behavior is adversely affected
when subjected to axial load.
The proposed shear key consists of several parallel X-shaped
steel plates that are connected to a rectangular steel plate
at the bottom and to a steel member at the top. Figure 2
shows a typical sample with three X-shaped plates. The bottom
steel plate would be anchored to abutments and bent caps
by anchor bolts, such that the two ends of the top steel
member are just next to the bridge girders. Lateral displacement
of the superstructure during an earthquake would impose
a cyclic load on X-shaped plates. When seismic intensity
and consequently lateral displacement of the superstructure
exceed a certain limit, the X-shaped plates would deform
inelastically and dissipate the seismic energy through flexural
yielding. The particular advantage of an X-shaped plate is
that when deformed in double curvature, plate deformation is
uniform over its height, and yielding is spread almost uniformly
throughout the material. They are most effective when little or
no axial load is applied to them. In this application, the plates
would not be subjected to any axial load.
2. Experimental study
The experimental program consists of four full scale tests of
steel shear keys under cyclic loading. Figure 3 shows the shop
drawing of the specimens. Each specimen has three 2 cm thick
X-shaped plates. These plates are connected to a 140 cm ×
24 cm×2 cm bottom plate by full penetrationwelds. At the top,the plates are connected to a 10 cm× 5 cm× 0.5 cm structural
tubing member.
The only difference between the specimens is the way the
top structural tubing member is connected to the X-shaped
plates. In two of the specimens (A and B) the tops of the
X-shaped plates are perforated and the top tubing member is
passed through the perforated plates in one piece. In the other
two specimens (C andD) the X-shaped plates are not perforated
and the top tubingmember is connected to them in four pieces.
In all cases, a 5 mm fillet weld is used to connect the tubing
member to the plates. Figure 4 shows the X-shaped plates for
the two cases.
The dimensions of the shear keys are the same in all speci-
mens. The dimensions of the X-shaped plates are optimized for
a nearly uniform yielding within the reduced section.
Figure 5 shows the test set-up. In each test, the bottom plate
is bolted to a rigid pedestal and cyclic displacement is applied
to each end of the top tubing member by an actuator. Figure 6
shows a picture of one of the specimen during testing. Positive
displacement is applied to the left end directly by the actuator
and negative displacement is applied to the right end through
an end plate and four rods connected to the actuator.
2.1. Experimental results
Figure 7 shows the load deflection curves for the specimens
with perforated X-shaped plates. Both specimens exhibited sta-
ble behavior with little loss of strength up to a displacement
amplitude of 36 mm. There were minor strength degradations
at larger displacements. Both specimens failed at the displace-
ment amplitude of 48 mm. This displacement is 12 times the
yield displacement of 4 mm. In both cases, failure was due to a
fracture in one of the plates at the corner of the perforated hole.
Figure 8 shows a picture of such a fracture.
Figure 9 shows the load deflection curves for the specimens
C and D, where X-shaped plates were not perforated. Compar-
ison of these curves with the load deflection curves in Figure 8
indicates that the energy dissipation capacities of these speci-
mens are better than those with perforated plates. Specimen C
exhibited stable behavior without any strength degradation up
to displacement amplitude of 48 mm. The test was ended with-
out any failure. The applied load, at a displacement of 48 mm,
was about 30% larger than the corresponding loads in speci-
mens A and B. Specimen D showed essentially the same be-
havior up to a displacement of 48 mm. The cyclic loading of
this specimen continued at a displacement amplitude of 56mm,
which is equivalent to 14 times the yield displacement. At this
displacement and during the third cycle of loading a fracture
occurred along a full penetration weld connecting one of the
X-shaped plates to the bottom plate. Figure 10 shows a picture
of the failure.




Figure 4: X-shaped plates.Figure 5: Test set-up.Figure 6: Picture of typical specimen during testing.3. Analytical study
A three span precast concrete girder bridge, with equal
spans of 30 meters, is considered for seismic analysis under
transverse excitation. The superstructure is 11.8 meters wide
and carries two traffic lanes. Figure 11 shows the cross section
of the superstructure and Figure 12 shows the dimensions of
the girders. The girders are simply supported and connected to
each other by three transverse diaphragms at themid-span and
at each end.
The girders are supported on 400 mm × 400 mm steel
reinforced elastomeric bearings at each end. Each bearing
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Figure 7: Load displacement curves for specimens A and B.Figure 8: Fracture failure in specimen B.
consists of two exterior layers with 6 mm thickness, four
interior layers with 12 mm thickness and five 2 mm steel
reinforcement. The stiffness properties of the bearing are as
follows: Vertical stiffness: kv = 3227000 KN/m.
Shear stiffness: ku = 5220 KN/m.Rotational stiffness: kr = 1420 KN/m.
Torsional stiffness: kt = 118 KN/m.
The substructure consists of two closed end seat type
abutments and two interior bents. Each bent consists of three
concrete columns with a diameter of 1.2 meters. The columns,
which are rigidly connected to a pile cap, are 7.75 meters tall.
Figure 13 shows details of the interior bent. Two concrete shear
keys on each bent cap and abutment restrain the transverse
displacement of the superstructure.
3.1. Description of FEA model
Figure 14 shows the FEA representation of the bridge. The
bridge superstructure is modeled by a combination of frame
elements for the girders and shell elements for the slab. The
shell elements are vertically offset to locate them at their actual
location within the structure. The columns and bent caps are
modeled using frame elements. The columns are fixed at the
pile cap interface. The abutments are assumed to be rigid.
The elastomeric bearings are modeled by spring elements
with appropriate stiffness properties in all six degrees of
freedom. At the interior bent, the springs representing the
bearings are horizontally offset using rigid elements, in order to
position them at their actual locations. They are also vertically(a) Specimen C. (b) Specimen D.
Figure 9: Load displacement curves for specimens C and D.
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Figure 11: Cross section of bridge superstructure.
Figure 12: Typical cross section of concrete girder.
Figure 13: Interior bent.Figure 14: FEA representation of bridge.
Figure 15: FEA representation of interior bent.
offset to the top surface of the cap beam. Figure 15 shows the
FEA representation of the interior bent and bearings.
The seismic performance of the bridge is studied oncewith a
concrete shear key and once with the proposed steel shear key.
Concrete shear keys are assumed to be rigid and aremodeled by
constraining the transverse displacement of the superstructure
to the bend caps and abutments.
The steel shear keys are modeled by nonlinear spring
elements connecting the superstructure to bent caps and
abutments. The numbers and properties of the shear keys are
optimized formaximumenergy dissipation,while limiting their
deformation to a safe value of 35 millimeters. The optimum
configuration consists of two shear keys at the end of each span.
The shear keys on the abutment are the same as test specimens,
with three X-shaped plates. The shear keys on the bent cap have
five X-shaped plates.
The hysteretic behavior of the shear key is represented by
the Wen plasticity model [21]. The model is defined by:
P(t) = βKu(t)+ (1− β)FyZ(t),
where K = elastic stiffness; Fy = yield strength; β = ratio of
post-yield stiffness to elastic stiffness and Z(t)= a variable that
is defined by:
uyZ˙(t)+ |u˙(t)|Z(t)|Z(t)|α−1 + u˙(t)|Z(t)|α − u˙(t) = 0.
α is a dimensionless parameter greater than or equal to unity,
which defines the shape of the hysteretic loop. The transition
from elastic to inelastic behavior is sharp for larger values of α.
The sharpness decreases with decreasing values of α.
Table 1 lists the parameters used in the Wen model
to represent the shear keys on the abutments and bent
caps. The parameters for the shear key with three X-shaped
plates are chosen based on test results. For the shear key
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Figure 16: Load deformation curve of nonlinear springs representing steel shear keys.(a) El-centro. (b) Northridge.
(c) Tabas.
Figure 17: Displacement time history at top of interior bent.Table 1: Wen plasticity parameters for the shear keys.
Shear key K (KN/m) Fy (KN) β α
Three X-shaped plate 33,833 186 0.03 1
Five X-shaped plate 56,388 310 0.03 1
with five X-shaped plates, yield strength and stiffness are
increased proportionally. The load deformation relationship of
the nonlinear springs representing the steel shear keys is shown
in Figure 16.
3.2. Results of analytical study
The analyses consisted of static push-over analysis to
determine the capacity, and dynamic time history analysis to
determine the demand under transverse seismic excitation. The
earthquake records of El-Centro, Northridge and Tabas, scaled
to Peak Ground Acceleration of 0.6 g, are used for the time
history analyses. Due to the symmetrical nature of the bridge
structure, the seismic responses of the two interior bents, as
well as the two abutments, are the same. Figure 17 shows
the time history displacements of the bent caps for the three
earthquakes. As shown in this figure, transverse displacements
of the interior bents reduce significantly when steel shear keys
are used instead of concrete shear keys.Figure 18: Displacement capacity and demand of interior bent.
Figure 18 shows the displacement capacity curve, alongwith
the peak displacement demands of the interior bents, for each
earthquake. The capacity starts to decline at 30 mm displace-
ment, due to the flexural-shear failure of the bent cap. For the
cases associated with concrete shear keys, the peak displace-
ment demands are between 32.2 mm and 51.0 mm. At these
displacements, flexural-shear failures occur in the bent cap. For
the cases associated with steel shear keys, the peak displace-
ment demands are between 15.3 mm and 20.6 mm. These dis-
placements are well below the displacement associated with
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Figure 19: Abutment reaction time history.Table 2: Peak abutment reaction.
Earthquake Reaction (KN) Reduction (%)
Concrete shear key Steel shear key
El-centro 2565 1840 28.2
Northridge 2953 1710 42.1
Tabas 1771 1305 26.3
Figure 20: Typical response of steel shear key during earthquake.
the bent cap failure, and are only 1.18 to 1.58 times the yield
displacement of 13.0mm. At such displacements, no significant
damage occurs within the interior bent.
Figure 19 shows the transverse reaction of each abutment
during earthquakes. This figure shows that the reaction reduces
significantly when the steel shear keys replace concrete ones.
Reduction of peak reactions is between 26.3% and 42.1%, as
indicated in Table 2.
The significant reduction of seismic demand on the bridge
substructure is mainly due to dissipation of seismic energy
through the hysteretic behavior of the steel shear keys.
Figure 20 shows the typical hysteretic response of a steel shear
key during an earthquake. It indicates the substantial energy
dissipation capacity of the shear key during an earthquake.
Figure 21 shows the total input energy in a transverse
direction, and the energy dissipated by the steel shear keys. Thisfigure shows that about 70% of the seismic energy is dissipated
by steel shear keys.
4. Summary and conclusions
Bridge superstructures with precast concrete girders sup-
ported on conventional elastomeric bearings are widely used
for short and medium span bridges. To improve the seismic
performance of such bridges, steel shear keys with a high en-
ergy dissipating capacity are proposed to replace conventional
concrete shear keys on bent caps and abutments. The proposed
shear key is an ADAS device, which consists of several X-shaped
plates connected to a rectangular plate at the bottom, and a
structural tubing member at the top. The shear keys would
be installed on bent caps and abutments between longitudi-
nal girders of the superstructure. They serve as structural fuses
to protect the bridge substructure under transverse seismic
excitation. Lateral displacement of a superstructure during an
earthquake would impose a cyclic load on the X-shaped plates.
When seismic intensity exceeds a certain limit, the X-shaped
plates would deform inelastically and dissipate the seismic en-
ergy through flexural yielding.
Experimental investigation on four full scale specimens
is carried out to study the behavior of the proposed shear
key under cyclic loading. The only difference between the
specimens is the way the top structural tubing member is
connected to the X-shaped plates. In the two specimens,
the tops of the X-shaped plates are perforated; the top
tubing member is passed through the perforated plates in
one piece and then welded to the plates. In the other two
specimens, the X-shaped plates are not perforated; the top
tubingmember is cut to four pieces andwelded to the X-shaped
plate. These specimens performed better under cyclic loading
than the specimens with perforated plates. They exhibited
stable behavior without any strength degradation up to a
displacement equal to 14 times the yield displacement.
An analytical study is also carried out to evaluate the seismic
performance of a three span simply supported bridge with
precast concrete girders. The analytical study is performed once
with ordinary concrete shear keys and once with the proposed
shear keys. The analytical results indicate that the proposed
shear keywould substantially reduce the seismic demand of the
substructure under transverse excitations.
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Figure 21: Total input and dissipated energy.References
[1] ‘‘American Association of State Highway and Transportation Officials’’,
AASHTO LRFD Bridge Design Specifications, 3rd edition, Washington, DC
(2004).
[2] ‘‘California Department of transportation Caltrans seismic design criteria’’,
Version 1.4., Sacramento, CA (2004).
[3] ‘‘Applied Technology Council Improved seismic design criteria for Cali-
fornia bridges: provisional recommendations’’, Report ATC-32, Redwood
City, CA (1996).
[4] Skinner, R.I., Kelly, J.M. andHeine, A.J. ‘‘Hysteresis dampers for earthquake-
resistant structures’’, Earthquake Eng. Struct. Dyn., 3, pp. 287–296 (1975).
[5] Kelly, J.M., Skinner, R.I. and Heine, A.J. ‘‘Mechanisms of energy absorption
in special devices for use in earthquake resistant structures’’, Bull. N.Z. Nat.
Soc. Earthquake Eng., 5, pp. 63–88 (1972).
[6] Ciampi, V. and Marioni, A. ‘‘New types of energy dissipating devices for
seismic protection of bridges’’, 3rd World Congress on Joint Sealing and
Bearing Systems for Concrete Structures, Toronto, Canada (1991).
[7] Marioni, A. ‘‘Development of a new type of hysteretic damper for the
seismic protection of bridges’’, IV World Congress on Joint Sealing and
Bearing Systems for Concrete Structures, Sacramento, USA (1996).
[8] Genda, Chen, Bothe, Eric R. and Ger, Jeffrey J.F. ‘‘Experimental characteri-
zation ofmetallic dampers for seismic retrofit of highway bridges’’, Journal
of the Transportation Research Board, 1770, pp. 124–131 (2001).
[9] Aiken, I.D., Nims, D.K., Whittaker, A.S. and Kelly, J.M. ‘‘Testing of passive
energy dissipation systems’’, Earthquake Spectra, 9(3), pp. 335–370 (1993).
[10] Dargush, G.F. and Soong, T.T. ‘‘Behavior of metallic plate dampers in
seismic passive energy dissipation systems’’, Earthquake Spectra, 11,
pp. 545–568 (1995).
[11] Tyler, R.G. ‘‘Tapered steel energy dissipators for earthquake resistant
structures’’, Bulletin of New Zealand National Society for Earthquake
Engineering, 11(4), pp. 282–294 (1978).
[12] Bergman, D.M. and Goel, S.C. ‘‘Evaluation of cyclic testing of steel-plate
devices for added damping and stiffness’’, Report No. UMCE 87-10,
University of Michigan, Ann Arbor, MI (1987).[13] Whittaker, A., Bertero, V., Thompson, C. and Alonso, J. ‘‘Earthquake
simulator tests of steel plate added damping and stiffness elements’’,
Report No. UCB/EERC 89-02, Earthquake Engineering Research Center,
University of California at Berkeley, Berkeley, CA (1989).
[14] Whittaker, A., Bertero, V., Thompson, C. and Alonso, J. ‘‘Seismic testing of
steel plate energy dissipation devices’’, Earthquake Spectra, 7, pp. 563–604
(1991).
[15] Xia, C. and Hanson, R. ‘‘Influence of ADAS element parameters on building
seismic response’’, J. Struct. Eng., 118, pp. 1903–1918 (1992).
[16] Tsai, K., Chen, H., Hong, C. and Su, Y. ‘‘Design of steel triangular plate
energy absorbers for seismic-resistant construction’’, Earthquake Spectra,
9(3), pp. 505–528 (1993).
[17] Yibakov, Y. and Gluck, J. ‘‘Optimal design of ADAS damped MDOF
structures’’, Earthquake Spectra, 15(2), pp. 317–330 (1999).
[18] Martinez-Romero, E. ‘‘Experiences on the use of supplemental energy
dissipators on building structures’’, Earthquake Spectra, 9(3), pp. 581–624
(1993).
[19] Perry, C.L., Fierro, E.A., Sedarat, H. and Scholl, R.E. ‘‘Seismic upgrade in
San Francisco using energy dissipation devices’’, Earthquake Spectra, 9(3),
pp. 559–579 (1993).
[20] Fierro, E.A. and Perry, C.L. ‘‘San Francisco retrofit design using added
damping and stiffness (ADAS) elements’’’, Proceedings of the ATC-17-1
Seminar on Seismic Isolation, Passive Energy Dissipation, and Active Control,
2, pp. 593–603 (1993).
[21] Wen, Y.K. ‘‘Method of random vibration of hysteretic systems’’, J. Eng.
Mech. Divi., 102, pp. 249–263 (1976).
Akbar Vasseghi completed his undergraduate and graduate studies at the
University of Texas at Austin, where he also conducted large scale experimental
research on composite plate girder bridges as part of his Ph.D. dissertation.
He is currently Assistant Professor at the International Institute of Earthquake
Engineering and Seismology in Iran.
His professional and research experiences include projects on Deep Water
Drilling, Offshore Structures, Bridge Structures and Pipelines.
